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Summary

Until recently, computations of space plasma flow over a spacecraft have been
unstable for ratios of spacecraft dimension to Debye length typical of the low earth
crbit environment. We present calculations of the spacecraft/environment inter-
action based on two computer codes, MACH and POLAR.

\We have developed MACH, an inside-out particle tracking code, for the purpose
of validating the physics of POLAR in regimes where there are no comprehensive
theoretical or experimental results. While the spacecraft which can be treuated by
MACH are restricted to simple geometries, the methodology is more fundamental
thun POLAR. MACH generates self-consistent solutions within the context of
quasisteady Vlasov plasma flow and achieves Debye ratios previously unobtainable.

POLAR uses ua three-dimensional finite-element representation of the vehicle
in a staggered mesh. The plasma sheath is modeled by outside-in particle tracking.
Solutions for the plusma flow, wake and vehicle charging are obtained by Vlasov-
Poisson iteration; charge stabilization techniques muke the results virtually insensi-
tive to the Debye ratio. POIL.AR reproduces the l.alramboise static plasma solutions
for spherical probes and fits the Makita-Kuriki probe data for spheres in a flowing
plasma in regions where comparisons are valid,

POLAR and MACH solutions for the particle und electrostatic potentiul structure
of the wake of a charged disk in a low-altitude flow ure shown for Mach numbers
4, 5, and 8. We compare the results of the codes to each other and to simple
analytic approximations as puart of an effort to compute the nature of the spacecraft

wake and to establish the validity of the codes.
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Computer Models of the Spacecraft Wake

1. INTRODUCTION

Lngineering design of spucecraflt requires that computer codes, such as POLAR,
be developed to simulate the spacecraft/environment intersction. In order to test
such codes, there are three general lines of uttack available: comparison with
(1) experiment, (2) analytical results, and (3) other computer codes. These
approaches are limited bv the fact that comprehensive experimental results are not
vet avatlable and that the interaction between a spacecraft and a flowing plasmu is
sufficiently complex that no comprehensive exact solutions exist for conditions
typical of the low LEarth orbit environment. As @ consequence, the most effective
too!l for code verification is comparison with other computer codes. As part of
the effort involved in the development and verification of the POLAR code, we have
developed an independent computer vode, called MACH, designed to validate the

physical and numerical methods of POLAR. MACH is constructed essentially from

first principles, und can be used to examine the fundamental plusmu processes

in the spucecratt interaction and the formation of the wake. The purpose of this
report 15 to discuss the results ol the MACIH and POLAR computer muodels ot the

spacecraftienvironment interaction and wake.

t Recerved for publication 23 duly 1976)

PRI S
.t .F'\-L'-. “n

e S



-,

P
RN

PP

pr

The methodologies of POLLAR and MACH are somewhat different. It is these
differences that make possible the validution of one code by another. POLAR
{Potential of L.arge Spacecraft in the Auroral Regions) is designed us un engineer-
ing tool to compute the plasma interaction of large electricully complicuted spuce-
craft in low Earth orbit. The essential differences between POLAR und its prede-
cessor, NASCAP (which was designed for the geosynchronous environment), ure
that the effects of short Debye lengths, energetic aurorul electrons, and the geo-
magnetic field, along with the formation of a supersonic ion wake, are taken into
account. An essential constraint on POLAR is that the physical and numerical
algorithms used must allow computations to be completed in a reasonable length of
time, for example, on the order of hours or less per solution. To meet this con-
dition, a number of novel, but essentially untested, physical assumptions have been
incorporated into the code. .'s a consequence, the results are to be regarded as
a working model whose validity is to be tested. On the other hand, POI.AR is
capable of accounting for the full complexity of the three-dimensional interaction
within the context of the assumptions made.

The methodology of MACH (Mesothermal Auroral Charging) is somewhat closer
to first pr.nciples than POLLAR. MACH solves the same Vlasov-Poisson equations
as POLAR but under different conditions, The most important difference is that
no assumption about the sheath edge is made: the sheath and the wake are deter-
mined a3 the self-consistent solution to the \lasov-Pcisson equations. lHowever,
the geometry of MACH is restricted to two dimensions, precluding detailed appli-
cation to real spacecraft. In addition, MACH is restricted to a single Maxwellian
plasmu and fixed surface potentials (that is, the surface potentials ure given and
not determined as a solution to a boundary value problem). MACH pays a steep
price for its adherence to fundamentals: it is much less robust, requires a great
deal of operator attention and requires about an order of magnitude more execution
time. The MACH program is an adaptation of TDWAKL (Parkerl).

In describing and comparing the two codes, we look first at the Poisson solvers.
MACH uses a first order successive over-relaxation method, while POLLAR uses
a4 more sophisticuted second order finite element scheme with a conjugate gradient
solver. Both codes huve passed a variety of Laplaciun (zero plasma density) und
nonflowing Poisson (nonzero plusma density! tests. These tests include the
l.aframboise stutic plasma solutions for sphericul probes and the Makita-Kuriki
probe duty for spheres in u flowing plasma in regions where comparisons are valid.
Thus, we currently dismiss Poisson solver differences as o« source of discrepancy

in these comparisons,

1. Parker, L..W. (1876) NASA Contractor Report No. CR-144159,
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At this stage, we narrow our study to three possible sources of discrepancy: -.:_-.,

- =~

(1) the V'lasov solution for the numbet density, (2) the methods of stabilizing the a
L]

Poisson solvers, and (3) grid resolution effects.  The first is the greutest physieul
interest, the second is of numerical origin, while the third is not fundamental but
must be dealt with.

The two codes differ the most in their Vlasov solutions. The inside-out method
used in MACH is o standard method used in spacecraft charging models. At cach
grid point in the problem, each trajectory is traced backwards in time to discover
whence the particle came, from the object or the ambient plasma.  Use of
Liouville's theorem allows the consiruction of the distribution function at the puint
and the particle number densities from the first moment of the distribution function.
The method solves the Vlasov equution exactly subject only to numerical approxi-
mations, but demands an enormous number of trujectories, which ave subject to
cumulative numerical errors, and consequently a large amount of computation time.
This method is at present too expensive for a three-dimensional code placing o
priority on efficiency. Thus POLAR uses an approximate method that is efficient
and whose accuracy is the focal point of this comparison. IFor brevity, let us
assume a convergent sequence of Vlasov-Poisson iterations. l'ollowing a Poisson
F‘ iteration, the solution is inspected for a sheath edge (nominally defincd by electro-
static potential = 0.49 kT/e) and outside~in particle tracking is used to calculate

the attracted specie number density within the sheath by weighting by the time cach

particle spends in each volume element. Qutside the sheath, densitics of attructed
particles are calculated from the geometric shadow of the object. Both MACH and
POLAR assume Boltzmann electrons, valid provided that the electron Mach number
is small, that the surface potential is sufficiently negative that electrons do not
‘ reach the spacecraft, und that no potential wells develop.  Both programs take
& - 0 (where ®is the clectrostatic potential) us the boundary condition at the outer
grid boundary and start from an initial density distribution appropriate for the flow
of a4 collisionless neutral gas past the spucecraft. Successive Vasov-Polsson
iteration cycles are computed until i« converged solution is achieved,

The Vliasov-Poisson iteration process is inherently unstable when the Debye
length is less than the grid spucing (Parker and Sulliv:mz). To date, only two tech-
niques exist for treating this instebility: Picord iterative mixing (Parker and

- 2 . 3 .
Sullivan™ and charge stubilization (Cooke et al™), The lutter, which is used n

2. Parker, L.W., and Sullivan, FoC0 01979 NASA Report Noo TN-D-7400,

3. Cooke, D.i.., Katz, L, NMandell, Moo, Talley, o0 K, e, and flubin, AL G
(1983) A Three-dimensional Caleulation of Shuttle Charging in Polar Orbat,
Spacecraft Environmental Interactions Technology- 19874, NASA (1 - 2350,
AFGL-TR-85-0014, p. 22w
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POLAR, is a correction applied at each iteration; it involves a charge density
adjustment whenever it appears to be numerically amplified by finite grid resolu-
tion. The iterative mixing method presumably has less impact on the physics, but
this has not been conclusively demonstrated. This uccuracy issue is addressed by
using both methods in MACLL

An efficient three-dimensional code must keep execution time within reason-
able bounds. In order to attain this goul, POLAR is typically run with minimum
sputial resolution, so that the effects of the finite grid size is u pructical concern
and must be dealt with in order to develop a working model.

Our ultimate alm 13 to develop POLAR to calculate the spacecraft interaction
in 4 quite general wuy. The approach which we will present here is a bootstrup
method: begin with a restricted code (MACH) which does the fundamentul physics
correctly, check i1t by auvailable analytical and physical meuans, und then use 1t as
the standurd of compurison for the more gencral code (POLAR).  In this report we
present results trom MACI, possibly the first code to result in o satisfactory wuke
and interaction model, compare them with analytica! results where applicable, and
discuss the POLLAR code in comparison with MACH., Our conclusion will be thut
MACH and POLAR represent generally accurate quualitative and quuantitive models
of the spacecraft interaction and wuke. Features ol the solution wlhiich ure not vet
understood are discussed.

A word about the nature of the presentation 1s appropriate.  During the prepara-
tion of the report, the computer systent which runs both models failed, As o re-
sult, the discussion is based on two sets of computations: MACIH st Mach 4 and 4,
on the one hand, and POLAR und MACIH st Miach 3 on the other; the chulce of Mach
numbers aepends on the results in existence ut the ume of the fuilure, While the
report could have been based on Mach 5 wlone, the Much number dependence was

deemed important to illustrate.

2. THE WAKE MODEL

To compute models of the spacecraft interaction, we have speciulized the spuce-
craft in both MACH and POLAR to charged disks in flowing plusmus. Such a prob-
lem in an unmagnetized plasma can be described in terms of three dimensionless
parameters (assuming that the relative oricntation of the bulk velocity and the disk

normal is fixed):
y = -—ed kT (1

P o= u/)\D (2)
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Here, e is magnitude of the electron charge, K 1s Boltzmunn's constant, T 1s the

temperature of the ambient plusma tassumed to be the same tor electrons and ions), .
. . - - . b

4 15 the disc radius, D there defined s the ratio of thermul speed to plusma tre- J
\

N

[§]

quency) is the ambient 1on Debyve length, N - I\Il 15 the ambient Mach number, \ 15
the umbient bulk velocity, and m1 is the ion mass; the tons are assumed to be

singly ionized. In & mugnetized plusmuy, the ton pgyvroradius and magnetic field

Ty CERR x

ortentation would provide two additional parameters,  Tvpical vatues of A, k7T,

Saalals

and '\1) tvpreal of the low Llarth orbit environment ure shown us functions of altitude
1in Tuble 1. Values of the ambient clectron Mach number M, are also shown.
154

Table 1. Typical Values of Environmental Parameters us
Functions of Altitude. h is altitude in kilometers, M, 1s
the ambient electron Mach number, M, is the ambient ton
Mach number, kT is the temperature i clectron Votits,
and Apy is the Debye length in centimeters

1

hi(km) 1\1L‘ 1\11. KT tev) /\D(cm)
100 0.1 20 0, 02 1.0
300 0. 0v 10 0, 08b 0.1-0.7
500 0.03 4 0. 155 .3 -0.5
1000 0.02 4 U, 250 1. U

The disk model used 1n the calculations 15 shown in Figure 1. Note that 1t s
not circular, but octagonal and designed to fit on o square mesh, We huave chosen
the following sets of the dimensionless paramceters: (1) x - 1000, 5 = 100, wnd
M= 4 and 8and (2) x = 200, p - 50, and M - 5 isee Section 1. The vatlues of y 1=
consistent with moderate charging, on the order of 20 to 100 V. Typical vilues
ot Ap low Fuarth orbit are on the order of centimeters, so that the dise rodius
implied by Fg. 120 15 on the order of meters, Much 4 .nd 8 e somewhat less
thian tvpical of low Fuarth orbit satellites ton the order of Mach 10V, Below, we
discuss the physioa! features assoctated with the numericul results.

The qualitative features of the numerical results can be understood buased on
aonarve discusston of the antersotion. The cases presented heve are tor high voltapge
Negatlye cherging, typread of cnarging daring ion beam operations. As ooresult of
tie gn voltipge, whicn s large In compartson with the energics of the ambient wons
nd electrons, tie iteriction neare the disk is auslitatively simittore to that of & hipgh

voltage probe in o static plisnia while the aubient ions strewn. from ram, thes
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o are accelerated toward the disk from ol directions with wons impacung the disk from
both ram and wane,  The com potentinls cnd nunber denstties are close to those
expected inoo o statne plasoes, wath suttable moditicntions due to the ran motion of

~ the tons: o sheath s formed and e potenuat tollow s el anderstood protile

" rsee following paragraphs). The number densit des reases pponotonmeally Tror tee

~, sheatin to the JdiskK o the moanner required 1o conscrve oaoas. Because ol the

wrapping of the wons areand the disw, this Genn ity ron the order ot

but less thun amblent) reglon eaterior tao U reglon atrroteds the disk

in both ran and wahee,

Al
»
-
-

anblent plosm s b the s W s cnoern o N ot 0 T R

> v have plotted e samo ol e nonnae e Doc b sl e LD W e e s T e

.

ENELCAEREREN

Chet”]
~t.TBI,

LY

N

LN i RN A T e T
U U W SR R S GRSt S G AL U S



e Bak aaie Ao Mt Ml Bk Sak des ok San Ban Aon dos o4 4 b gk L) e RS AN

wake model of Alpert et al4 also for Mach 8. This figure is not at all fundamental
and has the status of a cartoon. The effect of the geometric shadowing is to shield
the ambient plasma behind the disk, with the density being heavily depleted near

) the disk and approaching ambient in the far wake. Combined with the densitics in
the near wake, the density profile is expected to behave quulitatively us shown in

L Figure 3: a depletion required by mass conservation near the disk, o peak or knee
near one (ram) sheath thickness in wake, u deep depletion due to geonmetrie shadow-
ing outside the near wake region, and gradual approach to ambient density an the
far wake. Figure 2¢ shows the effect of increusing the shadowing radius to the

sheath radius, a concept to be discussed in more detail an the following parap caphs.
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Figure 2a. Geometrical Shadowing by a Disk «t Mach 8
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Pgure 2h. henomenologieasd Interaction and Wake Modelfor Hapn ot oo oo oy
U ALch D The near wake 1s o cane-dimensional mode! distorted to &0 1 cronnd
> disa. The wake model 15 geonietrie shedowing by the disk. The cotte ra ropire ~one
won niar ber density the levels are separated by one-sixteentn of the oo beonr e
4o Alpert, Yac b, Gureevich, AUV, and Putievsian, Dol ol ohe =y Y
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. The foregoing discussion leads to the conclusion that peaks in the ion density
,,:"% are likely to appear in the wake, a feature which is apparent in the solutions given
‘;_'a in the following puragraphs. A simple argument indicates that, if they occur ut all,
»,*l',\ such peaks are more likely for high potentials and large Mach numbers than other-
"‘:. wise. The effect of the high potential is to accelerate the ion distribution function:
. with increasing velocity the ion distribution function narrows rapidly (Gurevich and
; ';: Meshcherkin®). The acceleration of the ramming ions into the wake can thus be
,".-(: expected to lead to narrow ion structures on the order of i sheath thickness in wake.

2 : :
3¢ - Low potentials and low incident Mach numbers have the effect of broudening these

2 ¥ structures and for sutficiently low potentials aund Mach numbers they certainly will

not sccur.

| :",-.
-

O 5. Gurevich, A. V., and Meshcherkin, A, P. (1981 lon acceleration in an expanding
o plusmu, Sov, Phvs., JETP, 53(No. 5):437,
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For purposes of comparison, we show in Figure 4a a POLAR contour plot of
the electrostatic potential. This figure clearly shows the division of the potential
structure into near wake and fur wake. To a first approximation, the near wake
is symmetric in ram and wake, much like the potential about & disk in a non-
flowing plasma. The far wake is « quasineutral wake similar to the geometric
shadowing of the downstream fiow by the disk. The size of the near wake in com-
parison with the far wake is an artifact of the POLLAR code. The shadowing of the
ions in POLAR is due to the spacecraft only and not the spacecraft plus sheath;
this problem is being corrected. Intuitivelv, one would expect that the narrowest
part of the far wake to be about as wide as the near wake. Figure 4b shows ion
trajectories from POLAR; it illustrates the nature of the ion flow on both sides
of th» disk, as discussed above.

Potential contours from MACH are shown in Figure 4c.  In contrast to the
POLAR results, the shadowing in the wake is determined by the sheath radius
rather than the disk radius. The line lubeted "T" 13 the potential x = 1; the
remaining contours represent x = 0.25, 0.5, ... 64, 128. The ion trajectories,
which determine the charge density, have been computed for potentials above
x = 0.25; at lower potentials, a geometrical shadowing model has been used. The
calculation was run at rather low spatial resolution, as is evident from the lengths
of the straight line segments used to represent the contours. The accuracy of the
contours in the far wuake is not known at the present time; it is possible that they
will smooth out with further relaxation of the solution. The fact that the edges of
the far wake as determined by the x = 0. 25 contour ure parallel is an artifact of the
method: the bounduries of the computational mesh prevented it from expanding
further. Llectron number density contours ure shown for the same solution in
Figure 4d.

3. COMPARISON OF MACH WITH SIMPLEE ANALYTICAL MODELS

The purpose of this section is to compure MACH with simple analytical models,

The models used in ram and wake are reasonably good, while the model used along
the edpe of the disk s entirely qualitative.  The purpose in these comparisons s
to establish & reasonable, if inexact, basis for judging the accuracy of the models.
The physical mechanismg involved in the spacecraft interaction are somew hat
more complicated than the simple models.  The extent of the agreement outlined

in the following pages suggests that the models perform reasonably well,
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MACH: POTENTIAL CONTOURS

Figure 4c.  MACH Potential Contours

MACH: ELECTRON DENSITY CONTOURS

I'igure 4d. MACH Electron Density Contours

Figure 5 shows the comparison of MACIH potential and number density profiles
in ram for Mach numbers of 4 und 8 with analytical approximations for the sume
values. The approximation is appropriate for a one-dimensional sheath with
ramming ions. It is based on the assumption that the electron density drops sharply
to zero at the sheath edge and that ions conserve mass inside the sheath. The

solution of Poisson's equation is then
o 1/2 _
INCI+ ) + 2) 1 1 4y) - 1] = (3\/8/4)(§S - &) (4)

where
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v = -2e@/(mVT) = M7y (5)
£ = (p/Mx/a (6)

and £ _is the location of the sheath edge, while the equation for the number density
S

is
n/n = 1N+ ) ()

where N, is the umbient ion number density. In Figure 5, the data puints are the
values computed by MACIH while the curves are computed from Liq. 4), The

agreement of the values is everywhere within a few percent of the peak potential.

MACH 4: A POTENTIAL., & DENSITY
MACH 8: O POTENTIAL. @ DENSITY
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IFigure 5. Comparison of MACH Potentiul and lon
Number Densities in Ram for Mach 4 and 8 With One
Dimensional Sheath Contours
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It should be emphasized that there arc no (ree parameters in the analytic solutions:
for the given plasma conditions, the solutions are determined completely by the
potential on the object and by the requirements thuat the potential and clectric field
both vanish at the sheath edge.

Figure 6 shows the comparison o. MACH potential und number density profiles
along the rim direction for NMNach 8 with an anulvtical approximuation.,  The rim
direction is here defined to extend from the disk slong « line perpendicular to the
ram-wake direction. The upproximation is not very goud and 15 given for purposcs
of qualitative comparison only. In this upproximution, the potential s computed
assuming that it is cylindrically symmetric around the edge of the disk und thut the
ion number flux into the symmetric sheath is determined by the jon thermal speed

and not its bulk speed. The curves are the solutions of Poisson’s cquution

(1/£)d (£dx/dE)/dg = 26 /[EN (1 3] 18
n/n0 = go/[gw(1+x)] L4)
£=r/xp (10)

2
along with a phenomenological modification {r = ~v(r7+d

)
Ty, where d 0, 24 13 the

thickness of the disk] designed to represent the potential us it approaches o diskh of
finite thickness. It is seen that the potentials ure in reasonuably good ugrecnment,
within a few percent of the peak potential. Again, 1t 1s to be emphusised that, oside
from the construction of the model (which is only « crude representation, ot best),
there are no free parameters.

Figure 7 shows the comparison of MACH potentiul und 10on number densitv pro-
files on the wake axis for the same DMach numbers with an analytic solution given

by Alpert et al; *
2.2 2
nzno expl-NM"a /z) BN

where 2 is the distunce from the disk. The agreement between computation and the
geometrie shudowing model shown s solid lines 1s reassonably good v the ter wane
region, beyond perhaps thiee to six disk ruaii. The overshoot at cight disk radin
for Mach 4 and twelve disk radn for Mach 8 15 hkelv of numerical ompin, 1l so, 1t
should be possible to cure 1t by chunging the mesh size. It should be noted that this
type of agreement 1s not expected to hold generally, but is a result of the fuct that
the case presented can be adequately represented by a quasineutral far wake., If

we had assumed that the electrons were dense und energetie, with perhaps the
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Figure 6. Comparison of MACH Potential and lon Number Densities Along the
Rim Direction With Cylindrical sheath Contours

10 keV energies characteristic of the auroral environment, we would expect that
the structure of the far wake would be largely controlled by ambipolar diffusion:
the wake should he substantiully shorter because of the transverse acceleration of
ions by the diffusion process.

The dashed lines in Figure 7 show the effects of increasing the effective shudow-
ing radius by 25 percent for Mach 4 and 10 percent for Muach 8. The physical basis
is that at least part of the sheath must be responsible for geometric shadowing,
These tnereases constitute about one-haldf and one-quarter of the rim sheath radias,
respectively. \WWhile increusing the shadowing vadii to the full sheath radii gives
very bad fits, the smaller mncreases con reasonably wecount for the far wake density
within a few percent of ambient beyvond about three dise radii, with the exceptions

of the cvershoot regions.  This good apreement suggests that the effect of the sheath

AL RN AL



A MACH 4. & , MACH 8: O t

. 4 4
5.‘ ¢,

-7

LaEY

20
s
10N DENSTTY

v

- ¢l .“

’

[ 0 ' " DISTANCE ' 50

& Figure 7. Comparison of MACH lon Number Density Aong Wake Axis

)43‘ With Quasineutral Wake Model Representing Geometric Shadowing for
Mach 4 and 8. The solid lines represent geometric shadowing by the
disc. The dashed lines represent geometric shadowing by the disk

- radius plus 25 percent (Mach +4) and 10 percent (Mach &

. on geometric shadowing in the o wake is Mach number dependent, with smuller
effects at higher Mach numbers. While this shodowing effect must be studied 1n
P more extensively, these results are sutisfuctorily fit by the cmpiricad tormulia:

:;, Effective shadowing radius = o + constantst /)] (12)
- 3

where t s the sheath thickness.  The constant is presumably a function of the
S

)\' vehicle potentisl; in the case mentioned, the value of the constant is approximately
'_ one-half.
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The discussion so far has centered on the unalvtic comparisons which 1t 1s
possible to make. The MACH computer model is in good agreement with the ‘
analvtic tests with the exception of the ion density in rim. Aside from the rim
density, the outstunding feature which does not fit an analyticid muodel t5 the exist-
ence of the peak in the ion number density inside about three disk rudiy in wake for 1
Mach 8. While we have not estuablished that 1t is u genuine feiture, we believe this
peak is likely to be real bused on the discussion ussociated with Figures 2 oand

3. The peak follows the general quatitative trend outlined carlier, mcluding 1ts

appearance close to the disk wnd ut high Mach numbers,
pp g

4. COMPARISON OF MACH AND POLAR

To test the POLAR code against MACH, we have run POLAR for the same
conditions mentioned above. In this section we compare POLAR results with those
of MACIH. The brief discussion, which covers some of the muaterisl discussed
above, is intended to address the relative uccuracy of both models,  Fstimutes of
sccuracy are in no way absolute but represent o judgment bused on compurison of
the models with cuch other and with analytic approximations. It should be noted
st all of these comparisons are at Mach 5 ruther than wt Mach 4 und 8.
Figures 8u and 8b show POLAR and MACH profiles of clectrostatic potentiuld
and ion number density, respectively, in ram for Mach 5 along with the solutions of
Ilq. (4). The POLAR potentiul is too broad and demonstrates u known tendency of
POLAR to increase the sheath thickness by about one grid spacing. s mentioned
carlier, this problem can presumably be controlled by running at higher resclution;
the operational problem is to balance increased accuracy against increased conipu-
tution time. The POLAR densities are essentially exact in comparison with g, (4);
the MACH densities are somewhat too high, o feature not scen in the Mach 1 and 8
results, These errors suggest that the errors in POLAR and MACH are cureentdv
on the order of 10 percent of peak values in ram ut the sputial resolution shown.
I'igures da and b show the same protiles in the rim direction.  The same
tendencey towsrd overexpunsion of the sheath is apparent. The density profiles
Show fluctations on the order of 10 to 20 percent of ambient which muy be taken !
to be tne order of magnitude of the error in the models ot low resolution.
Pigure 10 shows lon number density contours in wake., Geometrie shadowing
b othe disk for Mach 5 as shown s o dushed line. MACIH shows the peometere ¢
suadowing by tne disk mentioned obove.,  The ditference between MACH wnd peo- ‘
mietric shadowing appears to be unphysical:  the MACH data correspond to geometru 1

shadowing by u disk smaller than the actual disk size. POLAR shows simidar

shadowing; the displacement could reasonably be interpreted us shadowing due to

16
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disk plus sheath except for the fact that only pure disk shadowing exists in POLAR.
As such we attribute errors on the order of 10 percent to 20 percent to both MACH
and POLLAR beyond a few disk radii in wake., Both codes show lurge density peuks

in wake, NMACH to twice ambient and POL.AR to about 0.7 times aumbient.  Both

figures are surprisingly hmgh. The MACH density peak uppeiars to be unrealistically

high.  While we have argued that density peuks in wuke are likely to be peal, these
large enhancements leave open the poussibility that errors in the near wuke are on
the order of 100 percent. Only turther comparison and possible modification of

both codes will vstublish the truth.

5. DISCUSSION

We have compured the results of the MACH and POLAR computer codes for
conditions typical of moderite to high voltage negative charging for satellites in
foa Barth orbit. We Nind that the models appear 1o be in genceral quantitiative and
gualitative qgreemient with the features of the interaction which are suscepiible to
check. The muor exception is the tendency of the POLAK wake to represent
shadowing by the disk ruther than the sheath, Voo prelterate that the analvtic checks
in ranm o and rim have ne free parameters aside from the stractuee of the models.
The dgreement between the codes and the wnalytical nodels in these regions range
from reasonably tu remarkably good. While the sgreement in the far wuke hus
one free parameter ithe eftective geometrie shiclding radius), the nuture of the
shadowing 13 1n reusonable agreement with the physics of the interaction.  In wddi-
tion, we have argued that the occurrence of 1on denstity peaks near the disk i oweke
15 physically reasonable, at least for high enough potential and Mach number,
Based on this analysis, we believe that the MACH and POLAR computer codes
adequately compute the spacecraft interaction and wake structure. [Further work

is required to resolve the disagreement between POI.AR and MAC! on the peak ion

density near the disk in the wake.
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